In this work, we investigated the anti-cancer effect of torulene, a carotenoid from Sporidiobolus pararoseus, on androgen-sensitive/insensitive prostate cancer cells lines and found that torulene induced apoptosis at moderate cytotoxic concentrations in both cell lines. It was further demonstrated that the apoptosis induced by torulene was due to the modulation of Bcl-2 family members, resulting in decrease of mitochondria membrane potential and increase of the intracellular calcium concentration. Furthermore, its growth-inhibitory effects on LNCaP cells also showed a relationship with the down-regulation of AR and PSA expression. Therefore, the results indicated that a mitochondria-mediated pathway and the expression of AR might play essential roles in the apoptosis process induced by torulene in prostate cancer cells.
Introduction
Prostate cancer (PCa) is the second most abundant male cancer in the world and accounts for 33% of all male cancer incidences and 10% of male cancer mortality in the United States.
1,2 Constitutive activation of the androgen receptor (AR) by high levels of androgens is presumed to be responsible for the development and progression of PCa. Hence, the rst choice among treatment options is surgical castration or chemo/radiotherapy, which is based on hormonal regulation through AR. [3] [4] [5] Although the disease initially regresses in response to androgen ablation, it eventually relapses to become castration resistant. With the consideration of the high failure rates and predictable ineffectiveness of the treatment, novel targets are urgently required depending on the presence or absence of functional AR status. [6] [7] [8] Apoptosis is a naturally occurring process of programmed cell death. Many plant-origin chemotherapy drugs can promote apoptosis of cancer cells, and some signal pathways are involved in the process.
9,10 Among them, mitochondrial pathway is the best known one. Bcl-2 family proteins play important regulatory roles in mitochondrial pathway: Bax is a pro-apoptotic protein that can permeabilizes the mitochondrial outer membrane and lead to the loss of mitochondrial integrity and cell death, whereas Bcl-2 promotes the maintenance of mitochondrial integrity and prevents apoptotic cell death. 11 Thus, novel alternatives that target both Bcl-2 family proteins and AR are attracting increasing interest.
Due to the deciency and side effects of current therapies for prostate cancer, more and more patients turn to dietary supplements, including vitamins, herbal preparations and phytochemicals to control the risk of PCa. 6 Torulene, one of the most principal carotenoid in Sporidiobolus pararoseus, has 13 conjugated double bonds, and the differences of structure between it and lycopene are subtle. However, it has not been well-studied with respect to its bioactivity and nutritional function.
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The present study was carried out to evaluate the anti-cancer effect of torulene on androgen-sensitive human prostate cancer LNCaP cells and androgen-insensitive human prostate cancer PC-3 cells, as well as its relevant molecular mechanisms.
Materials and methods

Cell culture and chemicals
S. pararoseus (JD-2 CCTCC M 2010326) was obtained and characterized by our lab. Human prostate cancer cell lines LNCaP and PC-3 were obtained from Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA), 100 IU mL À1 penicillin, and 100 mg mL À1 streptomycin in a humidied atmosphere of 95% air and 5% CO 2 at 37 C.
Torulene was isolated from the extracts of Sporidiobolus pararoseus and then puried according to the previous method. 13 The purity was above 96% as determined by High Performance Liquid Chromatography with UV detection at 450 nm. The carotenoid was stored at À80 C, and 10 mmol stock solutions were freshly prepared with tetrahydrofuran (THF, Sigma) just before use. The nal concentration of THF for all experiments and treatments (including the controls in which no drug was added) was maintained at the level less than 0.1%. The concentration of THF less than 0.1% maintaining for 72 h was non-cytotoxic.
14 Antibodies against Bcl-2 (#2876), Bax (#2272), AR(#3202), PSA(#2475) and b-actin (#4967) were purchased from Cell Signaling Technology (CST, Danvers, MA, USA).
were purchased from Beyotime Institute of Biotechnology (Haimen, China). Other reagents were all obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Cell viability assay
The inhibitory effects of torulene on the cancer cells were estimated via WST-1 assay. Cells were cultured in 96-well plates and exposed to different concentrations of torulene for 24 h. Then the plates were incubated with WST-1 reagent for 3 h at 37 C, and the inhibitory effects of the carotenoid on the cancer cells were measured by determining the absorbance at 450 nm. centrifugation and cells were washed twice with JC-1 staining buffer and analyzed using ow cytometry. The intracellular Ca 2+ level in LNCaP and PC-3 cells was measured using the uorescence Ca 2+ indicator Fluo-3 AM. The cell culture and carotenoid-exposure is in the same way above. Aer 24 h treatment, the cells were collected, rinsed twice with PBS, and stained with Fluo-3 AM in darkness at room temperature for 30 min. Aer staining, the cells were washed twice with PBS and incubated for another 10 min at 37 C before uorescence-intensity detection. 18 
RNA extraction and quantitative real-time polymerase chain reaction (PCR)
Total RNA was extracted from LNCaP and PC-3 cells of each sample using 1 mL of Trizol Reagent (Invitrogen, USA). Equal amounts of isolated RNA were reversely transcribed into cDNA using Revert Aid TM M-Mu LV Reverse Transcriptase (Thermo Scientic, Rockford, USA) according to the manufacturer's instructions. 19 Real-time PCR was carried out on cDNA according to the SYBR Green method with an ABI 7900 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, USA). The primers (Table  1) were synthesized by Generay Biotechnology (Shanghai, China). Quantitative real-time PCR was performed by initial incubation at 95 C for 10 min and subsequent 40 cycles of a two-step PCR:
annealing at 95 C for 3 s and nally extension at 60 C for 30 s.
The threshold cycle (C t ) values of each sample were analyzed according to the 2 ÀΔΔCt data analysis method aer normalizing to b-actin. 20 
Western blot
To evaluate the expression levels of various intracellular proteins related to apoptosis, LNCaP and PC-3 cells were treated with different concentrations of torulene (0, 10, 20 and 30 mmol L À1 ) for 24 h. Then total proteins from different groups were extracted with cell lysis buffer containing phenylmethanesulfonyl uoride (PMSF). Lysates were centrifuged at 13 200 rpm for 15 min at 4 C and protein concentrations were determined with an enhanced BCA Protein Assay Kit (Beyotime, China). Equal amounts of protein from each sample were loaded on 4-15% sodium dodecyl sulfate (SDS)-polyacrylamide gel and then transferred to a polyvinylidene diuoride (PVDF) membrane. Aer blocking the nonspecic blinding with nonfat milk, the membranes were incubated overnight at 4 C with rabbit polyclonal antibody against Bcl-2, Bax, AR, PSA and b-actin (1 : 1000). Aer washing for several times and conjugation with secondary antibodies, the membranes were incubated in the incubation solution added with enhanced chemiluminescence reagent (ECL Plus, Solarbio, Beijing, China) and then exposed to Chemiluminescence imaging analysis system (Protein Simple, California, USA).
16,19
Statistical analysis
All assays were performed at least in triplicate independent experiments. Values were expressed as means AE standard deviations (SD). Experimental data were analyzed by one-way analysis of variance (ANOVA) with Statistical Package for Social Science (SPSS) version 21.0. p < 0.05 was considered to be statistically signicant.
Results
Effects of torulene on the viability of LNCaP and PC-3 cells
Torulene treatment led to a dose-dependent decrease in cell viability of LNCaP and PC-3 cells, as indicated by the WST-1 assays, and PC-3 cells appeared to be slightly more sensitive than LNCaP to the treatment (Fig. 1) . At 40 mmol L À1 concentration, torulene decreased cell viability approx. 50% on androgen-insensitive PC-3 cells, while the cell viability of androgen-sensitive LNCaP cells decrease approx. 15% vs. untreated control group. 
Morphological changes caused by torulene
In the optical images ( Fig. 2A) , the control cells were in the elongated spindle shape and the number of control cells gradually increased. However, aer the treatment with torulene for 12 h, the cells began to shrink and became round and then the number of cells decreased aer 24 h. Aer 48 h treatment, cell arrangement was loose and cells were not adhered well and nally most of cells were oated in the medium.
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The viable cells were bright blue, while the apoptotic cells were red as distinguished by Hoechst 33342/PI staining (Fig. 2B) . Aer the exposures to 30 mmol L À1 torulene, the number of red cells gradually increased while there were few red cells in control group. As shown in Fig. 3 , an obvious difference in apoptosis rate among different groups was observed aer the treatment of 
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Calcium is a vital intracellular second messenger and involved in many different cell functions. 21 A sustained increase in intracellular Ca 2+ content was found in the all treatment groups when compared to the control groups (Fig. 4B) . 18 The result indicated that torulene had a stronger effect on the induction of apoptosis in LNCaP cells than PC-3 cells.
Torulene decreased the expression of Bcl-2 and increased the expression of Bax
Bcl-2 and Bax are two key inuencing factors of cells' susceptibility to apoptosis. 22 As shown in Fig. 5 , quantitative PCR and western blot analysis revealed a signicant decrease in Bcl-2 expression in both cells, whereas a signicant increase in the expression of Bax was observed, indicating that the Bcl-2/Bax ratio decreased signicantly. What's more, the mRNA expression of Bcl-2 was decreased from 1.00 in control group to 0.94-and 0.59-fold, whereas the expression of Bax increased from 1.00 in control group to 2.29-and 3.08-fold aer 24 h treatment with 30 mmol L À1 torulene in LNCaP and PC-3 cells (Fig. 5A) , respectively.
10,16
3.6 Torulene increase the expression of AR and PSA Downregulation of AR inhibits the proliferation of LNCaP cells. 22 To investigate whether the induction of apoptosis by torulene was due to the downregulation of AR, cells were subjected to western blot and quantitative PCR analysis. As shown in Fig. 6 , torulene signicantly decreased AR and PSA protein and mRNA expression in a dose-dependent manner in LNCaP cells. Torulene treatment at 30 mmol L À1 for 24 h downregulated AR by 29%, whereas PSA was down-regulated by 28% compared with the control, respectively.
Discussion
Prostatic adenocarcinoma is the most frequently diagnosed malignancy and the second cause of cancer deaths amongst men, and it development process can be divided into two distinct operationally divisible androgen-sensitive and androgen-insensitive stages. 23 Thus, exploration of new chemicals for treatment of androgen-sensitive and androgeninsensitive prostate cancer is necessary. In the present study, LNCaP and PC-3 cells have been used to study the effects of torulene on the androgen-sensitive and androgen-insensitive human prostate cancer cells.
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Torulene is one of the most principal carotenoids in Sporidiobolus pararoseus and the differences of structure between torulene and lycopene are subtle. Galano et al. reported that torulene owns better free-radical scavenging activity than bcarotene towards the OOH radical 24 and exerted more efficient electron-transfer reactions than lycopene, which has been recognized as one of the most reactive carotenoids towards free radicals. 25, 26 However, the effect of torulene on human prostate carcinoma was still unknown. In the present study, we conrmed that torulene inhibited growth and induced apoptosis in androgen-sensitive LNCaP and androgeninsensitive PC-3 prostate cancer cells. When the exposure concentration increased, the cellular viability decreased in both groups. Moreover, according to WST-1 assay, PC-3 cells were more sensitive against torulene treatment compared to LNCaP cells. 18, 27 Cell morphology plays vital roles in diverse cellular processes, including cell growth, motility, proliferation, and division. 21 To investigate the mechanism induced by the carotenoids, the changes in cell morphology were also observed and the observation results were consistent with that of viability analysis.
In the explorations of cell death mechanism, ow cytometric analysis of annexin V-FITC/PI-labeled cells, MMP and intracellular Ca 2+ levels had been carried out. 27, 28 The decrease in MMP is the earliest intracellular event before the apoptosis caused by the mitochondria-mediated death pathway, so the decline of MMP is considered as a symbolic event of early cellular apoptosis. 16 In this assay, both groups showed a significant (p < 0.05) decrease in MMP when treated with carotenoids compared to the control group. This result demonstrated the early damage was happened to MMP, which may further activate the intrinsic pathway of apoptosis.
Moreover, intracellular Ca 2+ is an important intracellular secondary messenger, which regulates lots of cellular processes including cell growth, proliferation, and signal transduction. The abnormal rise of cytosol Ca 2+ is considered to be responsible for a series of disturbances in cells. Disturbance of Ca 2+ balance will trigger diverse abnormal cellular processes, even apoptosis or necrosis. 21 In our experiments, aer the treatment with torulene, there was a rapid rise of cytosol Ca 2+ level, which might be caused by the Ca 2+ release from endoplasmic reticulum and mitochondria in the apoptotic process. These results indicate that carotenoids may interfere with the cellular maintenance functions of LNCaP and PC-3 cells and lead to apoptosis. A similar result was obtained by Hua Jin et al. 21 in the hepatocellular carcinoma cell line (HepG2), suggesting that the induced alteration of cellular maintenance might be partly responsible for apoptosis.
Pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 also play signicant roles in mediating the cell apoptosis.
11 In mitochondrial pathway, the release of cytochrome c is regulated by Bcl-2 family proteins, which is inhibited by anti-apoptotic members of the Bcl-2 family of protein and stimulated by proapoptotic members, such as Bax. In this paper, the expression of anti-apoptotic Bcl-2 protein was inhibited, whereas the expression of pro-apoptotic Bax protein was enhanced steadily with the increase of the carotenoids' concentrations. 16 The changes of the protein expression levels of Bcl-2 and Bax were almost parallel to that of their mRNA expression according to the analysis results of quantitative real-time PCR and western blot. The ratio of Bcl-2/Bax plays an important role in cell apoptosis or survival. In our study, torulene treatment caused the decrease of the ratio of Bcl-2/Bax in both LNCaP and PC-3 cells. The result was much more effective toward androgeninsensitive PC-3 cells, which can explain the susceptivity difference to torulene in PCa cells with different androgen sensitivity. To sum up, these results conrmed that torulene induced the prostate cancer cells apoptosis by inhibiting Bcl-2 and activating Bax, which suggested that the intrinsic pathway might be activated directly.
11 That is to say, the apoptosis of LNCaP and PC-3 cells treated with torulene was induced by activating the mitochondrial pathway.
AR is expressed in almost all prostate cancers, and its expression plays an important role in the development and progression of prostate cancer. Therefore, downregulation of AR, which inhibits PCa cell proliferation, is currently used as an effective strategy to treat prostate cancer. 8 PSA, a key AR target gene, is a common biomarker for PCa screening and one of the most important indicators of treatment efficacy. In this paper, we investigated whether AR and PSA are molecular targets of torulene on androgen-sensitive LNCaP cells. Our results showed that torulene down-regulated the protein and mRNA expression of AR and PSA in a dose-sensitive manner in LNCaP cells. These ndings suggested that torulene may exert its anti-proliferative effects through both activating the mitochondrial pathway and inhibiting the expression of AR and PSA in androgen-sensitive PCa cells.
Although androgen-sensitive PCa cells appeared to be less sensitive than androgen-insensitive ones to the treatment according to WST-1 assay (Fig. 1) , torulene induced more apoptosis in LNCaP cells as analyzed by annexin V and PI double staining (Fig. 3) . WST-1 assay was usually used to evaluate the proliferation of the cells rather than to distinguish the apoptosis cells to the normal ones.
10 Thus, we presume that the mechanism related to the inhibitory effect of torulene on androgen-sensitive LNCaP cells and androgen-insensitive PC-3 cells was different, other pathway was involved in besides mitochondria mediated apoptosis.
In summary, our data indicated that the inhibition of torulene on proliferation of LNCaP and PC-3 cells was associated with the inducement of apoptosis, which partly resulted from the loss of MMP and the accumulation of intracellular Ca
2+
. Over expressions of Bax and the decreased expression of Bcl-2 induced by torulene also contributed to the programmed cell death of prostate cancer cells. Furthermore, the apoptotic effect of torulene on LNCaP cells had relationship with the down-regulation of the expression of AR and PSA as well. These results provide a potential molecular mechanism for torulene-induced apoptosis on LNCaP and PC-3 prostate cancer cells and suggest that torulene may process a health benet for humans prostate. However, further studies on other signaling pathways and deep molecular mechanisms still require investigation.
